Introduction
============

Autophagy is a ubiquitous intracellular catabolic system for bulk degradation. It is a response to cell stressors, such as damaged organelles or aggregate-prone toxic protein, that prevents their detrimental effect^[@bib1]^. Autophagy begins with the formation of a double-membrane structure, termed the autophagosome, which engulfs the cytoplasm and/or organelles and then subsequently fuses with a late endosome or lysosome to form an autophagolysosome. Inside the autophagolysosome, lysosomal hydrolases degrade the sequestered materials^[@bib2]^. Autophagy can be upregulated by starvation and can also be triggered by protein aggregates, oxidative stress, and damaged cytoplasmic organelles^[@bib3]^. It plays an important role in many physiological processes, including the response to nutrient stress, innate and adaptive immunity, and autophagic cell death^[@bib4],[@bib5]^. Autophagy also functions as an important quality control system by eliminating disease-related mutant proteins that are associated with various neurodegenerative disorders such as Alzheimer\'s disease, Parkinson\'s disease, Huntington\'s disease, and amyotrophic lateral sclerosis (ALS)^[@bib6],[@bib7],[@bib8],[@bib9],[@bib10]^.

ALS is a late-onset, fatal paralytic disorder characterized by the death of motor neurons in the brain and spinal cord. Approximately 10% of ALS cases are familial ALS (FALS)^[@bib11],[@bib12]^. The first gene to be identified as associated with FALS was SOD1^[@bib13],[@bib14]^. Mutations in the SOD1 gene cause the most prevalent form of FALS, accounting for approximately 20% of all FALS cases. More than 160 different mutations have been identified in SOD1-associated FALS cases^[@bib15]^. Mutations in SOD1 usually cause a dominant gain of function rather than a loss of dismutase activity^[@bib16]^. Mice that overexpress mutant SOD1 develop a severe motor neuron disease, the symptoms of which is similar to that exhibited by ALS patients^[@bib10],[@bib17],[@bib18]^. Revealing the mechanism of motor neuron dysfunction caused by mutant SOD1 may help in understanding the progression of ALS in patients and in finding a potential treatment for ALS. It has been widely accepted that motor neuron degeneration is associated with the misfolding and aggregation of SOD1^[@bib12]^. However, the exact mechanism whereby mutant SOD1 leads to the dysfunction and death of motor neurons remains elusive. In addition, it is important to investigate the role of protein degradation pathways, especially the autophagy system, in the degradation of mutant SOD1 in motor neurons.

It has been reported that autophagy contributes to the degradation of both wild-type and mutant SOD1 in neural cell lines^[@bib19]^. In addition, increased autophagy has been observed in G93A SOD1 transgenic mice^[@bib20],[@bib21]^. Increasing autophagy by knocking out X-box-binding protein-1 enhances the clearance of SOD1 aggregates and delays the progression of the disease in G86R SOD1 transgenic mice^[@bib22]^. The pharmacological agent lithium, which can enhance autophagy, delays the progression of ALS in both transgenic ALS mice and ALS patients^[@bib10]^. Therefore, autophagy is expected to have a beneficial effect in ALS. However, another autophagy enhancer, rapamycin, was found to accelerate motor neuron degeneration and shortened the lifespan of transgenic ALS mice^[@bib23]^.

Here, we used *Caenorhabditis elegans* (*C. elegans*) as a model organism to address whether autophagy has a beneficial or detrimental effect on ALS *in vivo*. Conservation of genetic and metabolic pathways between *C. elegans* and mammals, as well as the visualization of neurons *in vivo* and the relative ease with which genetic manipulations can be performed, make *C. elegans* an excellent model for neurodegenerative diseases. The nervous system of *C. elegans* is composed of 302 neurons, which utilize most of the known neurotransmitters in the mammalian nervous system, including GABA, dopamine, glutamate, serotonin, and acetylcholine. *C. elegans* has been utilized in modeling various neurodegenerative diseases, including polyglutamine expansion diseases, α-synuclein-linked Parkinson disease, and Aβ-associated Alzheimer\'s disease^[@bib24],[@bib25],[@bib26]^. Previous studies have used *C. elegans* that express G85R SOD1 pan-neuronally as an ALS model^[@bib27],[@bib28]^.

Because mutant SOD1 mainly destroys motor neurons in ALS patients, we made a transgenic *C. elegans* that was engineered to express human G93A SOD1 in motor neurons and investigated the specific effect of mutant SOD1 on motor neurons. We found that G93A SOD1 transgenic worms developed a significant motor dysfunction that was associated with the aggregation of SOD1 in motor neurons and the loss of axons that project to the dorsal nerve cord. The *daf-2* gene encodes a receptor tyrosine kinase that is the *C. elegans* insulin/IGF receptor ortholog, and the loss-of-function mutant *daf-2(e1370)* increases autophagy in hypodermal seam cells^[@bib29],[@bib30]^. Here, we present evidence that the *daf-2(e1370)* mutant shows increased autophagic gene expression. Furthermore, we found that motor neurons of the *daf-2(e1370)* mutant show increased autophagy, which could protect against G93A SOD1-induced motor defects in *C. elegans*.

Materials and methods
=====================

Molecular biology
-----------------

The *unc-25* promoter was amplified by KOD-PLUS Neo DNA polymerase from N2 genomic DNA. Then, the *unc-25* promoter was inserted into the *Hin*dIII and *Bam*HI sites of pPD95.77 to generate pPD95.77-*unc-25*::GFP. The 465 bp human G93A SOD1 was inserted downstream of the *Not* I site to generate pPD95.77-*unc-25*::G93A SOD1::GFP. The 465 bp human G93A SOD1 with a TAA stop code was inserted downstream of the *Not*I site to generate pPD95.77-*unc-25*::G93A SOD1. The autophagy reporter *unc-47*::GFP::LGG-1 was constructed by inserting the 1194 bp *unc-47* promoter and the coding sequence of *lgg-1* into the plasmid pPD117.01.

Transgenic *C. elegans*
-----------------------

Extrachromosomal arrays were attained via injection into the germline using standard techniques^[@bib31]^. For GFP, G93A SOD1-GFP, or G93A SDO1 expression, 100 ng/μL DNA was injected into the adult gonad. The *unc*-47::GFP::LGG-1 plasmid was injected at 20 ng/μL. The G93A SOD1 transgene was integrated into the genome by exposing worms to 4,5′,8-trimethylpsoralen combined with UV light, thus generating stable transgenic lines. Three lines were selected and then outcrossed five times with N2 worms.

*C. elegans* strains
--------------------

Worms of the Bristol strain N2 were used as wild-types. N2 worms and *daf-2(e1370)* mutants were obtained from the Caenorhabditis Genetics Center, which is funded by the NIH National Center for Research Resources. Experiments were performed at 20 °C using standard *C. elegans* techniques^[@bib32]^.

Paralysis analysis
------------------

Worms were scored as paralyzed if they moved their noses but failed to move their bodies when their noses were tapped with a platinum worm picker. Experiments were performed with over 20 worms per plate in triplicate.

Fluorescence microscopy
-----------------------

Worms were immobilized in 5 mmol/L sodium azide in M9 buffer on 2% agar pad slides. Images were collected with a Leica TCS SP5 confocal laser scanning microscope. To analyze motor neuron axon guidance defects in *C. elegans*, the number of DD/VD axons that reached the dorsal nerve cord in either L4 larvae or young adults were counted. At least 20 worms of each strain were examined.

Quantitative real-time PCR and primers
--------------------------------------

Total RNA was isolated from worms using TRIzol reagent. Reverse transcriptase was used for oligo (dT)-primed ﬁrst-strand cDNA synthesis. We performed real-time PCR to quantify the mRNA levels of autophagic genes. PCR amplification was performed using an Applied Biosystems 7500 Real-Time PCR System in a mixture of SYBR Green Real-time PCR Master Mix and 0.4 mmol/L aliquots of each primer in a final volume of 20 μL. Expression levels relative to the wild-type N2 strain were normalized to two endogenous reference genes (*act-1* and *ama-1*) and were calculated using Applied Biosystems 7500 software V2.0.5.

Real-time PCR primers designed for the *C. elegans* genes: *ama-1* (forward primer: 5′-CGGTCAGAAAGGCTATCGAG-3′ reverse primer: 5′-CCAACCTCCTGACGATTGAT-3′), *act-1* (forward primer: 5′-GCTGGACGTGATCTTACTGATTACC-3′ reverse primer: 5′-GTAGCAGAGCTTCTCCTTGATGTC-3′), *unc-51* (forward primer: 5′-CGCCGGTGGTTCAGCGGATT-3′ reverse primer: 5′-TATCCTGGGTGTCGGCGGGG-3′), *bec-1* (forward primer: 5′-ACGAGCTTCATTCGCTGGAA-3′ reverse primer: 5′-TTCGTGATGTTGTACGCCGA-3′), *atg-18* (forward primer: 5′-CAGGAGCCGCAAGGAGTAAT-3′ reverse primer: 5′-CGATTGGTTGCTTGCTTCGG-3′), *atg-7* (forward primer: 5′-CCAAAAGCTGTGGGATGGGA-3′ reverse primer: 5′-GCGTTCCAGCACCAAGAATG-3′), *lgg-1* (forward primer: 5′-GCCGAAGGAGACAAGATCCG-3′ reverse primer: 5′-GGTCCTGGTAGAGTTGTCCC-3′).

Statistical analysis
--------------------

All values are presented as the mean±SEM. A data analysis was performed using a two-way ANOVA or a *t*-test using GraphPad Prism5 version 5.02 software.

Results
=======

Transgenic worms expressing human G93A SOD1 in motor neurons display age-dependent paralysis
--------------------------------------------------------------------------------------------

To generate the G93A SOD1 transgenic worms, we used the *unc-25* promoter to express GFP-tagged G93A SOD1 specifically in the 26 GABAergic motor neurons. GFP control worms were also generated using the same promotes ([Figure 1A](#fig1){ref-type="fig"}, [1B](#fig1){ref-type="fig"}). The GFP tag does not affect the SOD1-induced phenotype. It has also been reported that SOD1-YFP and SOD1-GFP fusion proteins exhibit similar behavior to their non-fused counterparts in the context of producing ALS-like disease^[@bib27],[@bib28],[@bib33],[@bib34]^. Therefore, for the convenience of directly observing SOD1 in motor neurons, we made stable transgenic lines of the GFP-fused G93A SOD1 worms (hereafter referred to as G93A worms). During adulthood, the transgenic worms began to exhibit an uncoordinated motility phenotype that progressed to paralysis. We performed a widely used paralysis assay to study the age-dependent degenerative phenotype of G93A worms^[@bib25]^ and found that paralysis was age-dependent and occurred at a much higher rate in G93A worms compared with the GFP control worms (GFP expressed only in motor neurons) and N2 non-transgenic control worms ([Figure 1E](#fig1){ref-type="fig"}). After 12 d on plates, over 80% of the G93A worms became paralyzed, whereas less than 10% of the controls showed a paralytic phenotype, indicating that G93A SOD1 exhibits toxic properties in motor neurons and is sufficient to cause motor defects in *C. elegans*.

G93A SOD1 aggregates in neural cell bodies and causes axon guidance defects
---------------------------------------------------------------------------

It is known that toxic protein-induced neuronal dysfunction is often associated with protein aggregation. Abnormal accumulation of SOD1 inclusions in spinal motor neurons is a pathological hallmark of mutant SOD1-related FALS^[@bib35]^. Fluorescence microscopy of G93A worms revealed that G93A SOD1 accumulated in the cell bodies of motor neurons, whereas the control worms showed no aggregations ([Figure 1B](#fig1){ref-type="fig"}, [1D](#fig1){ref-type="fig"}). The aggregated SOD1 appeared as early as the L1 stage, and the aggregates increased in number with age ([Figure 1G](#fig1){ref-type="fig"}). The aggregations were also observed within the axons of the motor neurons ([Figure 1D](#fig1){ref-type="fig"}). In *C. elegans*, motor neurons are located along the ventral nerve cord and project axons to the dorsal nerve cord to innervate the dorsal muscle^[@bib36]^ ([Figure 1A](#fig1){ref-type="fig"}). Compared with the control worms, the G93A worms exhibited axon guidance defects, as most of the axons failed to reach their dorsal destinations ([Figure 1F](#fig1){ref-type="fig"}), indicating that the damaged axon guidance caused by G93A SOD1 and the formation of SOD1 aggregates might contribute to the motor defects in G93A worms. In conclusion, we established a *C. elegans* model of FALS that showed motor dysfunction associated with axon guidance defects and SOD1 aggregation in motor neurons.

The *daf-2(e1370)* mutant shows increased autophagy
---------------------------------------------------

Next, we tried to find a *C. elegans* autophagic mutant to determine the role of autophagy in our *C. elegans* model of FALS. Previous studies of autophagy mainly rely on pharmacological agents such as lithium and rapamycin to enhance autophagy and detect its role in some ALS models. Because of the side effects of the pharmacological agents, it is important to find genetic tools to alter autophagy *in vivo*. In *C. elegans*, the loss-of-function mutation of *daf-2*, *daf-2(e1370)*, increases autophagy^[@bib29],[@bib30]^. Increased autophagy has been detected (both by visualization of GFP::LGG-1 puncta and by electron microscopy) in the hypodermal seam cells^[@bib30]^. We performed real-time PCR to determine mRNA levels of autophagic genes in the *daf-2(e1370)* mutants. Autophagic function has been documented for genes that act in induction (*unc-51*/ATG1), vesicle nucleation (*bec-1*/ATG6, *vps-34*/VPS34), protein conjugation systems (*atg-7*/ATG7, *lgg-1*/ATG8, *lgg-3*/ATG12), retrieval and vesicle recycling (atg-18/ATG18) in the worms^[@bib37]^. We chose *unc-51*, *bec-1*, *atg-7*, *lgg-1*, and *atg-18* and analyzed the mRNA level of these genes in the *daf-2(e1370)* mutants. We found increased mRNA levels of these genes compared with wild-type N2 worms ([Figure 2A](#fig2){ref-type="fig"}). The levels of *bec-1*, *atg-7*, *lgg-1*, and *atg-18* were upregulated by approximately 1.5-fold, whereas the level of *unc-51* increased by approximately fourfold. These data indicate that the autophagic pathway is induced or activated in the *daf-2(e1370)* mutants. We also expressed the reporter GFP::LGG-1, which indicates formation of the autophagosome, in motor neurons, using the *unc-47* promoter. We observed an increase in the number of GFP::LGG-1 puncta in motor neurons ([Figure 2B](#fig2){ref-type="fig"}, [2C](#fig2){ref-type="fig"}), suggesting that autophagy is increased in motor neurons of the *daf-2(e1370)* mutant.

*daf-2(e1370)* decreases G93A SOD1-induced paralysis
----------------------------------------------------

We next wanted to determine whether increased autophagy in motor neurons of the *daf-2(e1370)* mutant could protect against G93A SOD1-induced motor neuron dysfunction. We crossed the *daf-2(e1370)* mutation into the non-GFP fused G93A SOD1 transgenic worms to observe whether autophagy is also induced when G93A SOD1 is expressed in motor neurons of the *daf-2(e1370)* mutant. Indeed, the number of GFP::LGG-1 puncta in motor neurons of the *daf-2(e1370)*;G93A SOD1 (without the GFP tag) worms was increased, indicating that autophagy is induced in the motor neurons ([Figure 2B](#fig2){ref-type="fig"}, [2C](#fig2){ref-type="fig"}). We observed that the *daf-2(e1370)* mutation significantly decreased G93A SOD1-GFP-induced paralysis ([Figure 3C](#fig3){ref-type="fig"}). Additionally, there were more axons that reached the dorsal nerve cord in the *daf-2(e1370)*;G93A worms ([Figure 3A](#fig3){ref-type="fig"}, [3D](#fig3){ref-type="fig"}). We therefore asked whether the observed protective effect of the *daf-2(e1370)* mutation was associated with a reduction of SOD1 aggregations in the transgenic worms. Indeed, we found that in the *daf-2(e1370)* mutants, the percentage of motor neurons that contained SOD1 aggregations decreased and the SOD1 aggregations also became smaller ([Figure 3B](#fig3){ref-type="fig"}, [3E](#fig3){ref-type="fig"}). These results suggest that the *daf-2(e1370)* mutation protects against the toxic mutant SOD1-induced motor neuron dysfunction by decreasing aggregated/insoluble G93A SOD1.

Discussion
==========

In this study, we established a *C. elegans* model of FALS by expressing G93A SOD1 in GABAergic motor neurons. The findings of this study support the hypothesis that protein aggregation is important in mutant SOD1-induced neuron degeneration, during which mutant SOD1 is toxic to *C. elegans* motor neurons. The damage within the motor neurons alone may be sufficient to produce motor defects. Our findings of the toxicity of mutant SOD1 in *C. elegans* provides an approach to define the toxic properties of SOD1, specifically in motor neurons, that can lead to motor defects.

Here, we identified the *daf-2(e1370)* mutant, which is an excellent *in vivo* genetic model of increased autophagy in *C. elegans*. Notably, the mRNA level of *unc-51* increased much more than the other autophagic genes in *daf-2(e1370)* mutant. It is known that *unc-51*, which is the *C. elegans* ortholog of yeast ATG1, plays an important role in the induction of autophagy. Accordingly, the dramatically increased mRNA levels of *unc-51* strongly suggest that autophagy is induced. Previous work has shown an increase in autophagy in hypodermal seam cells that is detectable by visualizing the formation of the autophagosome with GFP::LGG-1^[@bib30]^. Here, we showed that autophagy is also increased in motor neurons.

Using our *C. elegans* models of FALS, we found that the *daf-2(e1370)* mutant is protected from SOD1-induced motor neuron dysfunction. The protective effect of the *daf-2(e1370)* mutation may be due to reduced aggregation of mutant SOD1 and enhanced recovery of motor neuron function under conditions of mutant SOD1 toxicity. It has been reported that *daf-2(e1370)* contributes to the suppression of Aβ toxicity expressed in the muscles of *C. elegans*^[@bib38]^. Although we showed here that the *daf-2(e1370)* mutation could suppress the mutant SOD1-induced toxicity and the autophagy that is increased in the *daf-2(e1370)* mutant, more direct evidence of the effect of autophagy on toxic SOD1 is also needed. For example, autophagic genes in *daf-2(e1370)*;G93A SOD1 worms could be knocked down to observe whether the protective effect can be suppressed. A forward genetic screen using EMS and a reverse genetics screen using whole-genome RNAi should also be performed in subsequent studies to identify more genes or pathways that participate in mutant SOD1-induced motor dysfunction in *C. elegans*.
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![Motor defect in G93A worms. (A) Control worm that with GFP expression in the motor neurons shows normal axon guidance to the dorsal side. Scale bar: 100 μm. (B) Aggregation is not observed in the motor neuron of GFP control worms. Scale bar: 10 μm. (C) Axons of motor neurons fail to reach the dorsal side in G93A worms. Arrow: axon that fails to reach the dorsal side. Scale bar: 10 μm. (D) G93A SOD1-GFP aggregations in the motor neurons of G93A worms. Arrow: aggregation in cell body. Arrow head: aggregation in axon. Scale bar: 10 μm. (E) G93A worms show age-dependant paralysis. (F) Quantification of the number of axons that reach dorsal nerve cord in the control worms and G93A worms. G93A worms show significantly decreased number of axons that extend to dorsal side. (G) Quantification of the percentage of the motor neurons with aggregations in G93A worms over time. Mean±SEM. *n*=25. ^c^*P*\<0.01 *vs* GFP.](aps2012190f1){#fig1}

![Autophagy is increased in the *daf-2(e1370)* mutant. (A) mRNA levels of autophagic genes detected by real-time PCR in wild-type N2 worms and *daf-2(e1370)* worms. All real-time PCR experiments were performed three times in duplicate. (B) GFP::LGG-1 expression in the motor neurons of wild-type N2, *daf-2(e1370)*, and *daf-2(e1370)*;G93A SOD1 (without GFP tag) L4 worms. The arrow shows representative small GFP::LGG-1 aggregate that labels autophagosomal structures. Scale bar: 5 μm. (C) Quantification of GFP::LGG-1--positive punctuate in the motor neuron of wild-type N2, *daf-2(e1370)*, and *daf-2(e1370)*;G93A SOD1 L4 worms (at least 50 motor neurons from 10 different worms were analyzed). Mean±SEM. *n*=54. ^c^*P*\<0.01 *vs* N2.](aps2012190f2){#fig2}

![*daf-2(e1370)* protects against G93A SOD1-induced motor defect. (A) Confocal image of a *daf-2(e1370)*; G93A worms. Scale bar: 100 μm. (B) G93A SOD1-GFP aggregations in *daf-2(e1370)*; G93A worms. Scale bar: 10 μm. (C) *daf-2(e1370)* significantly decreases the percentage of paralysis in G93A worms. (D) Quantification the number of axons that reach dorsal nerve cord in *daf-2(e1370)*; G93A and G93A worms. (E) Quantification the percentage of the motor neurons with G93A SOD1 aggregations in *daf-2(e1370)*;G93A and G93A worms. Mean±SEM. *n*=21. ^c^*P*\<0.01 *vs* G93A.](aps2012190f3){#fig3}
